Food microbiological analysis is highly variable, given the living status of the analyte and the biological nature of the reagents used. In addition the analytical results are closely related to the method's principle, in particular with conventional Pasteur microbiology and for enumeration methods. Food-borne pathogens represent a direct health hazard for consumer's health. For these reasons, there is a clear need to define common reference methods, properly validated, as well as to get assurance on the quality of commercial test kits which can be used in alternative to these reference methods.
Introduction
The harmonization of analytical methodology is crucial in food microbiology for the following reasons.
It is well known that food microbiological analysis is highly variable, mainly due to two factors: (i) the intrinsic nature of the analyte, a living micro-organism, and (ii) the principles of detection/enumeration of micro-organisms by conventional culture techniques, which include the use of biological substances themselves variable, such as culture media, antibodies or bio-chemical reagents. In addition, the analytical results are closely linked to the method's principle for conventional techniques, in particular for enumeration ones: the choice of the di#erent steps (enrichment, isolation, confirmation), the selection of temperature/time of incubation, the composition of culture media will directly impact the number of colonies growing on a plate 14, 15) ῌ The enumeration result also depends on the physiological initial state of the bacteria, which may be in a growth phase, or altered, or stressed 12) ῌ There is therefore a clear need to define common reference methods in food microbiology, as to minimize as much as possible the variability of microbiological analyses, and to define in the less ambiguous way the analytical target: a given micro-organism (or group of micro-organisms) to be detected or a given number of micro-organisms (or group of micro-organisms) to be enumerated.
In addition, the harmonised method will need to be highly reliable, since some of them enable to detect or to quantify food-borne pathogens which represent direct hazards for consumers health. Their presence at very low numbers in a given food product (a few cells in a test portion of 25 g) may be directly responsible of the illness of the consumer of that food.
Standardization has proven to be the preferred way, since based on consensus, to harmonize reference methods at international level or at regional level, such as Europe, and to facilitate trade between or within countries. It is also a mean to ensure the validity of methods since they are selected by expert microbiologists coming from several countries, and their choice is based on a well-established set of scientific criteria.
Finally, international food trade is hindered if di#erent national methods are used by the exporting and importing countries: the analyses are duplicated, trade is delayed due to the shipment blocked until test results are obtained by the importer. On the contrary, trade is facilitated when common reference methods are used, as well as commercial kits validated against them: one test is conducted by the exporter and recognized by the importer.
Standardization and Validation of Reference Testing Methods in Food Microbiology
What is a standard? According to ISO (International Organization for Standardization) 10) , it is "a document established by consensus, and approved by a recognized body, that provides, for common and repeated use, guidelines or characteristics for activities or their results, aimed at the achievement of the optimum degree of order in a given context".
This general definition, designed to cover the very broad scope of standardization activities, underlines that a standard is primarily a text of reference, established by a recognized body, that is for a national standard the national standardization body, in Japan JISC (Japanese Industrial Standards Committee), CEN (European Committee for Standardization) for a European Standard and ISO for an International Standard. It represents a consensus of all concerned parties, either at national, European or international level, depending on the type of standard, and this is by far the main characteristic of a standard. It is of voluntary use. ISO ISO, created in 1947, is an international non governmental federation of national standardization bodies worldwide (158 to date), JISC for Japan. Its coordinating structure, the ISO Central Secretariat, is located in Geneva.
Standardization works are conducted within Technical Committees, Sub-Committees and Working Groups, settled per area of work, each of them under the responsibility (chair and secretariat) of a country which volunteers to take the lead. The secretariat is usually ensured by the standardization body of the country taking the lead, at least for the technical committees and sub-committees. It manages the whole standardization process (circulation of documents, preparation and follow-up of meetings, editorial drafting of standards, . . .). The national ISO members and international organizations in liaison decide to become members of a given committee/sub-committee, depending on their interest and their will to become active in the standardization field considered.
The consensus on each standard is vali- CEN standardization functions on a similar way to ISO. The main di#erence is that CEN Standards have to be taken over in the collection of national standards of CEN Members, and that conflicting national standards on the same scope have to be withdrawn. This ensures a higher degree of harmonization at European level, made possible by the regional scale involved. Meanwhile, the use of these standards remains voluntary, except if they are cited in European regulatory texts.
Standardization Structures in Food Microbiology
Most of the standardization works in food microbiology are conducted by two structures, one at ISO level and the other one at CEN level:
ῌISO/TC 34/SC 9: Sub-Committee 9
"Microbiology" of Technical Committee 34 "Food products" of ISO (in short SC 9); ῌCEN/TC 275/WG 6: Working Group 6 "Microbial contaminants" of Technical Commitrizontal 275 "Food analysisῌ Horizontal methods" of CEN (in short WG 6). ISO/TC 34/SC 9 is under the responsibility of France, chaired by Bertrand Lombard and with a secretariat provided by AFNOR (French Standardization Association), namely Claire De Lamotte. 45 ISO member countries participate to SC 9 and 11 international organizations are in liaison. Japan is currently an observing country and it is hoped it will become a participating country. Several working groups have been settled by SC 9 to deal with specific topics before endorsement by SC 9 (see Table 1 ). The main SC 9 objective is to develop and to update ISO Standards for the microbiological analysis of a wide spectrum of targets and sample types:
ῌMainly bacteria, also yeasts and moulds and recently viruses and parasites; ῌIn all food and animal feeding stu#s, as well as samples from the environment of food production, food handling and primary production (animal's breeding). CEN/TC 275/WG 6 is also under a French responsibility, chaired by Alexandre Leclercq and with the same AFNOR secretariat. 30 CEN Members and 14 international organizations in liaison are represented in WG 6. Similarly to SC 9, several task forces (TAG) have been settled by WG 6 on given topics (see Table 2 ). The objectives are shared with SC 9, and in the frame of the CEN/ISO cooperation agreement called "Vienna Agreement", most of the standards developed by SC 9 are taken over as CEN Standards, and inversely, the standards devel- Three general aspects could be at first mentioned:
1. A working group has been settled by SC 9, WG 2 "Statistics", to provide any statistical expertise needed for the standardization works, and with the objective to give a sound scientific basis to the standards developed. 2. The willingness to harmonize standards (a) in di#erent fields of microbiology (dairy water, medical microbiology) and (b) worldwide, as to build a really unique reference system in food microbiology, through a complete harmonization of reference methods, especially with North America (AOAC).
Reference Methods
Existing Standards, some of them under revision, cover the main micro-organisms of interest in food microbiology: food hygiene indicators and food-borne pathogens, microorganisms responsible for food alteration or for their nutritive or commercial value, as well as in micro-organisms of technological interest (see Table 3 ).
For each of the target micro-organism, detection (presence/absence tests) methods and/ or enumeration methods, as well as semiquantitative methods in some cases are standardized. These methods are mostly based on conventional microbiology that is the ability of bacteria to grow in enrichment broths or on/in solid media. Indeed, this choice enables to meet the major characteristic of a standard: the largest consensus and the broadest applicability in food microbiological laboratories at worldwide level, even in developed countries themselves.
The standard methods with such a large scope, applicable to all food families, are called "horizontal". The rationale to develop such "horizontal" standards is that the principle of the method (culture media, incubation times and temperatures, confirmation reactions) is mainly designed to recover and to characterize the target micro-organism, whatever the food matrix is, given the fact that the initial steps of the analyse (preparation of test sample and of the initial suspension) is dealt specifically, per type of matrix 16 ) ῌ New horizontal standards are currently being developed for the following microorganisms:
῍Contaminants in starter cultures/probiotics, under the lead of SC 9; ῍Enumeration (by miniaturized Most Probable Number technique) and serotyping of Salmonella, under the lead of SC 9; ῍Detection of Clostridium botulinum by TAG 3 of WG 6; ῌDetection of STEC (Shiga-toxin producing E. coli), by an ad'hoc group of WG 6; ῌDetection of staphylococcal enterotoxins, under the lead of WG 6; ῌDetection of the major food-borne viruses in food and bottled water (noroviruses and hepatitis A viruses), by TAG 4 of WG 6. ῌRecent decision to launch works on detection of parasites: Cryptosporidium and Giardia (SC 9) and Trichinella (WG 6).
Validation of Reference Methods
Criteria have been set up to select a method for a new/revised Standard: it shall be (i) at least published in scientific literature and/or in a national Standard, (ii) experimentally tested on artificially and naturally contaminated foodstu#s, these tests being often conducted by SC 9 members.
These Standard methods have not been In addition to the general standard under finalization (ISO 17043), the purpose is to develop a guide dealing on the aspects of PT organization and interpretation which are specific to food microbiology 13) ῌ
Status of Novel Technologies
In the context of novel technologies, it is at first necessary to mention one important characteristic of any standard: the requirement/ recommendation to use a commercial product should be avoided as far as possible in order not to give a commercial exclusivity to a given manufacturer and not to link the use of a standard to the commercial availability of the product.
Three aspects on the use of novel technologies in a standardized frame can be distinguished: 1) Introduction of novel technologies (such as PCR) in specific standardized reference methods. Two cases allow such an introduction: a. If conventional microbiology is recognized to be not satisfactory to detect/enumerate the given target micro-organism at the level of interest. To date, examples are the detection of STEC, of Clostridium botulinum, of viruses and partly of E. coli O 157. In the three first cases, the PCR methods target the pathogenicity genes of the bacteria considered. For viruses, the PCR methods could also target some RNA/DNA sequences specific of the targeted viruses. For E. coli O157, the Standard EN ISO 16654 is based on conventional microbiology, but with the introduction of an extraction step by immuno-magnetic separation.
b. In addition to the standard reference method on a given micro-organism, based on conventional microbiology and with a taxonomical target, another standard based on novel technology can be developed with a different target than taxonomy, such as the pathogenicity of the given microorganism. Example: detection of pathogenic Vibrio and of Yersinia.
2) Validation of commercial products (such as PCR systems, ELISA kits).
Given the characteristic of any standard recalled in the heading of this section, these products are not to be mentioned in specific standards but need to be validated against the corresponding standard reference method, as to show that they give at least equivalent results, in accordance with the validation protocol of the Standard EN ISO 16140 (see below) 3) Guidelines on the use of PCR for food microbiology General guidance standards on the use of PCR in food microbiology are prepared by TAG 3 of CEN/. TC 275/WG 6. Several of them have been published in 2005/2006 and others are under development (see Table 4 ). TAG 3 has been also recently entrusted by WG 6 to develop specific standard methods based on PCR. Currently 3 standards are being prepared: one for the detection of neurotoxin genes of Clostridium botulinum, one for the detection of Yersinia enterocolitica, and the other for the detection of pathogenic genes of Vibrio.
Validation of Alternative Methods in Food Microbiology
As seen before, reference methods in food microbiology are mostly based on conventional microbiology, thus they require a skilled sta#, are labour-intensive, long to perform due to the time needed by micro-organisms to grow in or on culture media.
A large range of alternative methods, based on innovative technologies, have been developed to get results within a shorter interval of time. They are also designed to be more convenient to use, requiring less labour, in particular when they are automated. Automation enables also to analyse a large set of samples at the same time. Test kit manufacturers have commercialised a wide choice of these innovative methods, often based on proprietary components (e.g. the chromogenic substrates, the ELISA antibodies, the DNA probes).
Given the need of the users of these methods to have guarantees on their performance, validation schemes, operated by third-party organizations independent from the manufacturers, have been settled. In order to have a common reference technical protocol to conduct these validations, a standard on the validation of alternative methods in food microbiology, EN ISO 16140, has been developed.
Standard EN ISO 16140ῌOverview
The first version of Standard EN ISO 16140, published in 2003 4) , was developed by TAG 2 of CEN/TC 275/WG 6. It was based on the outcome of the project "MicroVal" of the European R & D programme Eureka, 1993 to 1998, having included an experimental phase 17) ῌ It is under deep revision, conducted by WG 3 of ISO/TC 34/SC 9, with the support of WG 2 for statistical aspects and calculation tools. The main purpose of this revision is to cover the di#erent types of method validation, not only the validation of commercial methods, and to introduce acceptability criteria for the perfor- mance characteristics. A clause of definitions can be found, including "validation of an alternative method": "demonstrating that results obtained with the alternative method are comparable to the results which would have been obtained with the reference method". In this definition, the word "comparable" can be understood as at least equivalent.
The standard settles the validation process in two phases:
1) A methods comparison study of the alternative method (AM) with the corresponding reference method (RM), conducted by one laboratory. 2) An inter-laboratory study on the 2 methods in parallel, organized by the laboratory in charge of the first phase. If a certification of methods is sought in addition to their technical validation, general principles for this certification are given.
Then the standard details two validation technical protocols, for qualitative and quantitative methods. Each of them consists in the selection of a set of analytical performance characteristics. For each criterion, are given: a definition, an experimental design (type/ number of samples to be tested . . .), calculations and in some cases interpretation. The current version often lacks of acceptability criteria.
If the alternative method has been already validated prior to the implementation of the standard, previous results may be taken into account if they have been obtained according to the same experimental design. Annex A of the standard gives specific rules for the acceptance of such external results.
Validation Protocol for Qualitative Methods

Methods comparison study
The first phase (clause 5.1 of the standard), aims at comparing AM to RM through 3 di#er-ent sets of criteria: 1) Trueness Trueness (called "relative accuracy" in the standard) is defined as the degree of correspondence between AM and RM on identical samples. The experimental design gives priority to naturally contaminated samples. If not enough naturally contaminated samples are available, artificial contamination can be performed, according to a protocol defined in annex C of the standard. If a method is sought to be validated for all foods, 5 food categories are tested (categories defined in annex B of the standard, consisting in the main food families). Samples from environment of primary production and food production are treated as separate categories. For each category and each method, 60 test portions are analysed, belonging to 3 food types defined in annex B. Three criteria are calculated: (i) relative accuracy, i.e. the number of pairs of identical results for both methods divided by the total number of results, (ii) relative specificity, i.e. the number of pairs of negative results for both methods divided by the number of negative results by RM; and (iii) relative sensitivity, i.e. the number of pairs of positive results for both methods divided by the number of positive results by RM. The degree of di#erence between the 2 methods is assessed by a c 2 test (McNemar) or a comparison to a binomial law, as detailed in annex F of the standard. Only these tests in the standard enable to assess the equivalence of qualitative methods. 2) Limit of detection (called "relative detection level" in the standard) is defined as the smallest number of cultivable micro-organisms that can be detected in 50ῌ of occasions. It is tested on artificially contaminated samples of one food matrix chosen within each category tested (see before), at preferably 5 (minimum 3) contamination levels (including a negative control), using one target microorganism per category and 6 replicates per method. The calculation is quite basic: the limit of detection is characterised by a range, between the 2 contamination levels giving for the first less than 50ῌ of positive results (i.e. less than 3 positives out of 6 replicates) and for the second more than 50ῌ of positive re-sults (i.e. more than 3 positives out of 6 replicates). 3) Inclusivity and exclusivity are combined criteria, they assess the ability of AM to detect the target micro-organism and its lack of interference from a range of non-target micro-organisms. Pure strains are tested: at least 50 target strains (except for Salmonella: 30) and 30 non-target. Criteria for selecting the strains are given in annex G of the standard. Inoculation methods are also described. Regarding this initial phase, the revision of the standard will mainly concern: (i) the protocol of artificial contamination, adopting the AOAC one to better mimic a natural contamination, (ii) the food classification and (iii) the performance criteria, centred on relative LOD, whose calculation will use a generalized linear model, added with inclusivity and exclusivity.
Interlaboratory study
The second phase, the inter-laboratory study (clause 5.2 of the standard) aims at assessing the variability of AM in an inter-laboratory context ("transferability" of the method).
The experimental design requires at least 10 collaborative laboratories having obtained exploitable results. The samples are prepared with one matrix, individually contaminated at 3 levels (including a negative control). Eight blind replicates are prepared at each level, to be analysed by both AM and RM. Annex H of the standard provides detailed guidance on the organisation of the interlaboratory study.
Laboratory results are excluded only in case of reported technical problems: samples damaged, use of inappropriate culture media, transport conditions (time, temperature) not respected, acceptability rules for colonycounting/enumeration values not respected, and deviations from SOP. They are detailed in annex K of the standard.
The trueness criteria (accuracy, sensitivity and specificity) are calculated for each contamination level and their values are compared to the ones obtained in the first phase. Annex L of the standard gives further optional criteria (accordance, concordance and concordance odds ratio), attempting to better address the random variability of a qualitative method, by introducing parameters equivalent to repeatability and reproducibility for quantitative methods.
For this study, the revision of the standard is expected to include the possibility to have several participants in the same "laboratory" (geographical site) and the main criterion will be relative LOD.
Technical Protocol for Quantitative Methods
Methods comparison study
This first phase of the study (clause 6.2 of the standard) enables to assess 4 sets of criteria:
1) Linearity Linearity, defined as the ability of AM, for a stated matrix, to give results that are in proportion to the amount of analyte present in the sample. For trueness, the term "relative accuracy" is also used with the same definition than for qualitative methods (see before).
The experimental design requires a minimum of 5 contamination levels with a priority given to natural contamination. At least duplicates (preferably 5ῌ10 replicates) are prepared. The rules defined above for qualitative methods on the categories to be studied apply here also. A regression analysis of the data is conducted. Two methods for linear regression are suggested in annex R of the standard: orthogonal and leastsquares linear regressions. The linearity of the AM against the RM is then deduced (lack-of-fit test), as well as its trueness (bias in the linear equation).
2) Limit of detection
Limit of detection (LOD), defined as the smallest amount of analyte which can be detected but not quantified with a high probability, i.e. 95῍, whereas the limit of quantification (LOQ) is the smallest amount of analyte which can be measured and quantified with defined precision and trueness. ῌ LOQ could be deduced directly from the graph.
Interlaboratory study
The interlaboratory study (clause 6.3 of the standard) aims at assessing the interlaboratory precision and trueness of the AM against the RM.
The experimental design prescribes at least 8 laboratories having obtained exploitable results. The samples are prepared from one matrix, contaminated at four levels (including a negative control) and analysed in blind duplicates by both the AM and RM.
As for qualitative methods, results are excluded only on the basis of reported technical deviations. The laboratory results are at first log 10 transformed, a usual step in quantitative microbiology in order to approach a Normal distribution of the data and to stabilize the variance over contamination levels.
The precision characteristics are then calculated with robust statistics, based for the repeatability standard deviation on the median of the duplicate standard deviations and for the reproducibility standard deviation on the Rousseuw's recursive median S n . Robust statistics have been chosen since they are less sensitive to outlying data than parametric statistics, they accommodate with these extreme data and enable to avoid the use of statistical tests to exclude outliers. Per contamination level, the bias (relative accuracy) of AM against RM is estimated by the median of the laboratories' di#erences between duplicate means for AM and for RM.
The revision of the standard is intended to introduce the possibility, as for qualitative methods, to have several participants per laboratory and to use the accuracy profile for interpretation.
Validation/Certification Systems Based on EN ISO 16140
Validation or certification schemes all include a third-party assessment, independent from the test kit manufacturer.
Technical . A test kit's certification based on EN ISO 16140 includes obviously that the technical validation follows the entire protocol defined in the standard. The added value of certification is that the method'sperformance is ensured to remain at the same level in time, with quality assurance requirements on the production site. The organizational aspects of the certification are defined by the certification body itself and described in documents called certification rules.
Standardized Methods and Validated Alternative Methods in the Context of Laboratory Accreditation and European Regulations
The Standard EN ISO 17025, defining general requirements on the competence of laboratories and being the reference standard for laboratory accreditation, contains a clause (5.4.5) on method validation. It states in particular that a laboratory needs to validate the methods which are not standardized, including the alternative methods. The Standard EN ISO 16140 is the tool of choice to validate the alternative methods in food microbiology and thus to meet the requirement of EN ISO 17025. If a proprietary method has been validated/certified according to EN ISO 16140, it is obvious that the EN ISO 17025 requirement is met and the laboratory does not need to conduct itself any more validation when using this method for accreditation purpose.
The Commission Regulation (EC) 2073/ 2005
3) gathers and updates microbiological criteria for food in the European Union (EU). This regulation is formally applicable to food business operators, along the whole food chain from production to distribution, but it is also indirectly applicable to o$cial controls performed by public authorities of EU's Member States. It defines for each microbiological criterion a reference method, generally an EN ISO Standard, but states in an article of the main text (Article 5) that other methods can be applied, under the following conditions: "when the methods are validated against the reference method in Annex I and if a proprietary method, certified by a third party in accordance with the protocol set out in EN ISO standard 16140 or other internationally accepted similar protocol". From this text, it is clear that if a method has been validated according to EN ISO 16140 or if a proprietary method has been certified according to this standard, it can be used in the frame of this regulation for own checks and for o$cial controls, as to assess that food products meet the microbiological criteria defined in the regulation.
Conclusion
It could be questioned why to spend so many e#orts to standardize methods in food microbiology, whereas it is well known that each "good" microbiologist is convinced to have the best method, adapted to its laboratory and to its objectives. Several reasons of scientific nature have been already envisaged in the introduction. In addition to these, we can mention some reasons of di#erent nature.
The use of Standard methods favours the recognition of analytical results in the frame of the supplier/customer relationship. The use of Standard methods also improves the recognition of analyses conducted in the frame of o$cial controls at national level and in the frame of international trade, as mentioned earlier.
Finally, the set of Standards developed and validated commercial methods is also a sound and common basis for accreditation of laboratories and for setting microbiological criteria in food microbiology. ISO and CEN in this field entirely play their role of preparing reference documents that can be after directly used for accreditation and regulatory purposes.
